Abstract: Favorable thermobaric conditions of hydrate formation and the significant accumulation of methane, ice, and actual data on the presence of gas hydrates in permafrost suggest the possibility of their formation in the pore space of frozen soils at negative temperatures. In addition, today there are several geological models that involve the formation of gas hydrate accumulations in permafrost. To confirm the literature data, the formation of gas hydrates in permafrost saturated with methane has been studied experimentally using natural artificially frozen in the laboratory sand and silt samples, on a specially designed system at temperatures from 0 to −8 • C. The experimental results confirm that pore methane hydrates can form in gas-bearing frozen soils. The kinetics of gas hydrate accumulation in frozen soils was investigated in terms of dependence on the temperature, excess pressure, initial ice content, salinity, and type of soil. The process of hydrate formation in soil samples in time with falling temperature from +2 • C to −8 • C slows down. The fraction of pore ice converted to hydrate increased as the gas pressure exceeded the equilibrium. The optimal ice saturation values (45−65%) at which hydrate accumulation in the porous media is highest were found. The hydrate accumulation is slower in finer-grained sediments and saline soils. The several geological models are presented to substantiate the processes of natural hydrate formation in permafrost at negative temperatures.
Introduction
Gas hydrates are metastable ice-like solid compounds that form from water and gas under certain thermobaric conditions [1] [2] [3] [4] and can exist naturally at both positive and negative temperatures in marine bottom sediments and in permafrost.
Gas hydrates can form in permafrost as it stores large amounts of natural gas and provides conditions for hydrate formation. The occurrence of gas in permafrost has been largely reported from oil and gas fields in West Siberia since the 1970s [5] [6] [7] . Under the conditions of long-period ground temperature variations and long-term cooling of the lithosphere at the equilibrium pressure, gas in permafrost falls in the zone of hydrate stability (GHSZ) and partially converts to hydrate [2, 5, 6, 8, 9] .
Perennial freezing may lead to cryogenic concentration (expulsion of gas during the crystallization of water) of fluids and expulsion of gas which becomes accumulated in porous reservoirs sealed by low-permeable rocks [9] [10] [11] . Further freezing of gas pockets may lead to pressure excess above the equilibrium and to conversion of gas to hydrate. Gas hydrate formation is also possible upon freezing of gas-saturated closed sublake taliks in permafrost [2, [12] [13] [14] .
Materials and Methods
The processes of pore hydrate formation in freezing and frozen sediments was modeled in a laboratory on a specially designed system (working volume~420 cm 3 ) consisting of a pressure cell which accommodates a metal container with samples; a refrigerated circulator for maintaining the required temperature in the pressure cell; an analog-digital converter (ADC); a PC for recording data on pressure and temperature changes in the samples (Figure 1 ) [41, 42] . The temperature regime was maintained to an accuracy of 0.05 • C by circulation of liquid (antifreeze Siberia G12) from the HAAKE Phoenix C40P refrigerated bath along the "thermal coat" around the pressure cell. Temperature and pressure in the cell were accurate to 0.05 • C and 0.005 MPa, respectively.
Samples prepared from air-dry soils with prespecified water contents were placed into the pressure cell which was tightly sealed, vacuumed and filled with hydrate-forming gas. To achieve the initial water content, soil was mixed with distilled water and left for 30 min at room temperature. Thus, prepared wet soil was compacted layer-by-layer in a cylindrical container (10 cm high and 4.6 cm in diameter) and placed into the pressure cell [42, 43] .
The pressure cell with the samples was frozen to −8 • C and then saturated with cold gas to a pressure below hydrate formation (1-1.5 MPa). After that, the constant negative temperature of the experiment was established in the range of −2-8 • C. Figure 1 . Scheme of experimental setup for modeling the formation and dissociation of pore gas hydrates. 1 = pressure cell; 2 = container with soil samples; 3 = thermistor input sleeve; 4 = hose for circulating liquid; 5 = refrigerated bath; 6 = "thermal coat"; 7 = tephlon gasket; 8 = steel lid; 9 = pressure sensors; 10 = digital pressure gage; 11 = gas bomb; 12 = gas tube; 13 = pressure regulator; and 14 = PC with ADC.
The pressure cell with the samples was frozen to 8 °C and then saturated with cold gas to a pressure below hydrate formation (1 1.5 MPa). After that, the constant negative temperature of the experiment was established in the range of 2 8 °C.
Then, the cold gas pressure increased to the initial pressure (above equilibrium) in the experiment (4 6 MPa), corresponding to the pressure in the permafrost at depths of more than 300 m specific to a number of the north regions of Western Siberia. Pure methane (99.98% CH4) was used as a hydrate-forming gas. After the pressure had been set up, the temperature in the cell was maintained constant at <0 °C. Monitoring of pressure and temperature in the sample was carried out during the entire experiment.
The samples used for modeling were natural sand and silt (Table 1) . The constituent minerals were identified by X-Ray diffractometry; the particle size distribution (Table 2 ) and physical properties of the samples were determined following the standard procedures [44] [45] [46] . The properties of sand samples varied from: 12 to 15% water content (W); 1.79 to 1.82 g/cm 3 density; 39 to 41% porosity; and 56 to 63% ice saturation (Si). The respective ranges for silt were: 14 to 29% water content; 1.37 to 1.75 g/cm 3 density; 39 to 60% porosity; and 57 to 85% ice saturation. The freezing temperatures were 0.1 °C for sand 1 and sand 2; 0.2 °C for silt 1; 0.9 °C for saline silt 2, and 1.4 °C for silt 3. Figure 1 . Scheme of experimental setup for modeling the formation and dissociation of pore gas hydrates. 1 = pressure cell; 2 = container with soil samples; 3 = thermistor input sleeve; 4 = hose for circulating liquid; 5 = refrigerated bath; 6 = "thermal coat"; 7 = tephlon gasket; 8 = steel lid; 9 = pressure sensors; 10 = digital pressure gage; 11 = gas bomb; 12 = gas tube; 13 = pressure regulator; and 14 = PC with ADC.
Then, the cold gas pressure increased to the initial pressure (above equilibrium) in the experiment (4-6 MPa), corresponding to the pressure in the permafrost at depths of more than 300 m specific to a number of the north regions of Western Siberia. Pure methane (99.98% CH 4 ) was used as a hydrate-forming gas. After the pressure had been set up, the temperature in the cell was maintained constant at <0 • C. Monitoring of pressure and temperature in the sample was carried out during the entire experiment.
The samples used for modeling were natural sand and silt ( Table 1 ). The constituent minerals were identified by X-Ray diffractometry; the particle size distribution (Table 2 ) and physical properties of the samples were determined following the standard procedures [44] [45] [46] . The properties of sand samples varied from: 12 to 15% water content (W); 1.79 to 1.82 g/cm 3 density; 39 to 41% porosity; and 56 to 63% ice saturation (Si). The respective ranges for silt were: 14 to 29% water content; 1.37 to 1.75 g/cm 3 density; 39 to 60% porosity; and 57 to 85% ice saturation. The freezing temperatures were −0.1 • C for sand 1 and sand 2; −0.2 • C for silt 1; −0.9 • C for saline silt 2, and −1.4 • C for silt 3. Note: GCF = gas-condensate field; OGCF = oil-gas-condensate field. The listed mineral phases have percentages >1%; XRA = X-Ray amorphous compound. The phase transition parameters in gas saturated soil samples can be inferred from pressure and temperature variations in the test cell [43, [48] [49] [50] . This data was used to calculate the parameters at any time during the experiment. Pressure-volume-temperature (PVT) analysis was applied to estimate the rate of pore hydrate accumulation directly in the pressure cell at constant temperatures due to pressure change. For this, the consumption of methane (∆m G , g) was calculated as
where ∆P i -pressure at a point in time τ i (MPa), V-reduced volume of the pressure chamber (cm 3 ), M-methane molar mass (16 g/mol), R-universal gas constant (N·m/K·mol), T i -temperature at a point in time τ i (K), and z-compressibility factor which was calculated by equation of state for methane [51] . Slight changes in z during the same experiment were neglected. Based on the consumption of methane during hydrate formation, the weight of pore gas hydrate (Mh, g) was calculated assuming a hydrate number of 5.9 for CH 4 as
The volume content of hydrate (H, %) at each point in time was found as
where Ms is the weight of soil sample (g); ρ is the sample density (g/cm 3 ); ρ h is the crystallographic density of an empty square lattice (without gas molecules by analogy with the pure ice structure); and ρ h for CH 4 was assumed to be 0.794 g/cm 3 [34] . Hydrate saturation or percentage of pore space filled with hydrate (Sh, %) is inferred from the volume content of hydrate as
where n is the sample porosity (u.f.) as
where ρ s -solid particles density (g/cm 3 ) and ρ d -dry unit weight (g/cm 3 ) [45] . Ice saturation or percentage of pore space filled with ice (Si, %) as
The fraction of water converted to hydrate or the hydrate coefficient (Kh, u.f.) is given by
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where W h is the percentage of water converted to hydrate (% of dry sample weight) calculated assuming a hydrate number of 5.9 for CH 4 and W is the total amount of moisture (initial water content, %). Figure 2 shows a typical curve of time-dependent change in pressure during methane hydrate formation at a constant negative temperature (−2.5 • C) in silt 2 with the initial water content (W = 20%).
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(6)
The fraction of water converted to hydrate or the hydrate coefficient (Kh, u.f.) is given by (7) where is the percentage of water converted to hydrate (% of dry sample weight) calculated assuming a hydrate number of 5.9 for CH4 and W is the total amount of moisture (initial water content, %). Figure 2 shows a typical curve of time-dependent change in pressure during methane hydrate formation at a constant negative temperature ( 2.5 °C) in silt 2 with the initial water content (W = 20%). Based on this data in Equation (1), the consumption of methane during the hydrate formation was calculated ( Figure 3 ). Based on this data in Equation (1), the consumption of methane during the hydrate formation was calculated ( Figure 3 ). The results on the kinetics of methane consumption were further used to obtain the parameters of hydrate accumulation (Sh, Kh). The kinetics of change of pore fluids (ice and hydrate) presented as the typical curves of time-dependent hydrate and ice saturations (Sh and Si, respectively) ( Figure 4 ). The Sh curve comprises of three segments ( Figure 4 ): A segment corresponding to the most rapid (first 3 h) hydrate formation (1), a slow-rate (to 50 h) transitional segment (2) , and a decaying segment of the final hydrate-formation stage (3). The results on the kinetics of methane consumption were further used to obtain the parameters of hydrate accumulation (Sh, Kh). The kinetics of change of pore fluids (ice and hydrate) presented as the typical curves of time-dependent hydrate and ice saturations (Sh and Si, respectively) ( Figure 4) . The Sh curve comprises of three segments ( Figure 4 ): A segment corresponding to the most rapid (first 3 h) hydrate formation (1), a slow-rate (to 50 h) transitional segment (2) , and a decaying segment of the final hydrate-formation stage (3).
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The results on the kinetics of methane consumption were further used to obtain the parameters of hydrate accumulation (Sh, Kh). The kinetics of change of pore fluids (ice and hydrate) presented as the typical curves of time-dependent hydrate and ice saturations (Sh and Si, respectively) ( Figure 4) . The Sh curve comprises of three segments (Figure 4 ): A segment corresponding to the most rapid (first 3 h) hydrate formation (1), a slow-rate (to 50 h) transitional segment (2) , and a decaying segment of the final hydrate-formation stage (3). This kinetics of pore hydrate formation in frozen soil saturated with methane due to changes in the time of the mechanism of nucleation and growth of hydrate particles ( Figure 5 ). This kinetics of pore hydrate formation in frozen soil saturated with methane due to changes in the time of the mechanism of nucleation and growth of hydrate particles ( Figure 5 ).
The results on the kinetics of methane consumption were further used to obtain the parameters of hydrate accumulation (Sh, Kh). The kinetics of change of pore fluids (ice and hydrate) presented as the typical curves of time-dependent hydrate and ice saturations (Sh and Si, respectively) ( Figure 4) . The Sh curve comprises of three segments (Figure 4 ): A segment corresponding to the most rapid (first 3 h) hydrate formation (1), a slow-rate (to 50 h) transitional segment (2) , and a decaying segment of the final hydrate-formation stage (3). This kinetics of pore hydrate formation in frozen soil saturated with methane due to changes in the time of the mechanism of nucleation and growth of hydrate particles ( Figure 5 ). . Nucleation and growth of pore gas hydrate particles in frozen gas-saturated soil samples. (a) Initial state (frozen gas-saturated soil, low ice saturation); (b) gas hydrate films at ice-gas interface; and (c) blocked gas-ice contact and transition to volumetric-diffusion hydrate formation.
The process consists of three phases ( Figure 5 ). As the P-T conditions of hydrate formation have been achieved (Figure 5a ), hydrate particles form films over particles of pore ice at their contact with gas. The hydrate films block the gas-ice contacts (Figure 5b ), while clathrate reaction predominates at the ice-hydrate interface. This reaction is maintained either by transport of gas molecules through the gas hydrate layer toward the ice-hydrate interface or by transport of water molecules from ice toward the outer hydrate-gas interface. Volumetric-diffusion hydrate formation at the final stage (Figure 5c ) is limited by gas permeability of the gas hydrate layer on the pore ice surface [52] [53] [54] [55] .
Effect of Temperature
The effect of temperature on the pore hydrate formation in methane-saturated soils was studied in silt 1 with the initial water content W = 14% and the ice saturation Si~69% (or water saturation about 63% at >0 • C), at the temperatures +2 • C, −3.7 • C and −8 • C. The methane pressure in the test cell was above the equilibrium value, the excess being ∆P = 2.9 MPa at −3. The Higher hydrate coefficients at <0 • C than at >0 • C in the first 30 min of the run duration (Figure 6b ), at invariable pressure in the system, results from a higher gas pressure excess (∆P) above the equilibrium at <0 • C. Then the hydrate formation at negative temperatures apparently slowed down because gas hydrates on the ice surface became less dense, which interfered with heat exchange.
At positive temperatures, the hydrate formation was slower as quite a dense hydrate film formed at the gas-water contact which reduced gas permeability [42, 53, 55] . Slower fading of hydrate formation at a colder temperature (−8 • C) compared to warmer temperatures may result from some features of the hydrate film microstructure, but it requires special investigation in the future. At colder temperatures, the frozen ground may be more strongly deformed and thus more permeable to gas during hydrate formation [56] , or, the forming hydrate may expand the soil skeleton more and produce microcracks.
Effect of Gas Pressure
Experiments with sand 1 (W = 15% and Si = 63%) showed that the fraction of pore ice converted to hydrate increased as the gas pressure exceeded the equilibrium (∆P) at a constant negative temperature of −3.8 • C (Figure 7 ). produce microcracks.
Experiments with sand 1 (W = 15% and Si = 63%) showed that the fraction of pore ice converted to hydrate increased as the gas pressure exceeded the equilibrium ( P) at a constant negative temperature of 3.8 °C (Figure 7) . The hydrate coefficient changed little for the first 10 h of the experiment and apparently depended only on the gas-ice contact area. As hydrate saturation increased, diffusion of gas through the newly formed hydrate film came into play, and the influence of pressure excess decreased. The fraction of pore ice converted to hydrate (Kh) 200 h after the onset of hydrate formation; it was 57% at P = 3.4 MPa and 49% at P = 2 MPa, i.e., 12% higher at a higher pressure excess. Thus, the fraction of pore ice converted to hydrate increases with increasing excess pressure at a constant negative temperature.
Effect of Ice Saturation
The effect of ice saturation on hydrate formation in frozen soils (Figure 8 ) was studied at 2.9 °C in silt 2 with different ice saturations (29, 59 and 80%). The hydrate coefficient changed little for the first 10 h of the experiment and apparently depended only on the gas-ice contact area. As hydrate saturation increased, diffusion of gas through the newly formed hydrate film came into play, and the influence of pressure excess decreased. The fraction of pore ice converted to hydrate (Kh) 200 h after the onset of hydrate formation; it was 57% at ∆P = 3.4 MPa and 49% at ∆P = 2 MPa, i.e., 12% higher at a higher pressure excess. Thus, the fraction of pore ice converted to hydrate increases with increasing excess pressure at a constant negative temperature.
The effect of ice saturation on hydrate formation in frozen soils (Figure 8 ) was studied at −2.9 • C in silt 2 with different ice saturations (29, 59 and 80%). Hydrate accumulation was faster in samples with lower ice saturation (29%) and it slowed down progressively as methane diffused toward the hydration front through the hydrate film on the pore ice surface. As a result, the hydration coefficient reached 81% at Si = 29%, 57% at Si = 59%, and only 3% at Si = 80%. The latter low value is due to decreasing gas permeability at increasing ice saturation [33] .
Sample silt 2 with its ice saturation increasing from 29 to 80% at 2.9 °C (Table 3 ) was used to find the optimal ice saturation values at which hydrate accumulation in the porous media is the highest (Figure 9 ). Hydrate accumulation was faster in samples with lower ice saturation (29%) and it slowed down progressively as methane diffused toward the hydration front through the hydrate film on the pore ice surface. As a result, the hydration coefficient reached 81% at Si = 29%, 57% at Si = 59%, and only 3% at Si = 80%. The latter low value is due to decreasing gas permeability at increasing ice saturation [33] .
Sample silt 2 with its ice saturation increasing from 29 to 80% at −2.9 • C (Table 3 ) was used to find the optimal ice saturation values at which hydrate accumulation in the porous media is the highest (Figure 9 ). 3% at Si = 80%. The latter low value is due to decreasing gas permeability at increasing ice saturation [33] . Sample silt 2 with its ice saturation increasing from 29 to 80% at 2.9 °C (Table 3 ) was used to find the optimal ice saturation values at which hydrate accumulation in the porous media is the highest (Figure 9 ). The ice saturation between 45 and 65% was the optimal and provides up to 52-53% saturation with pore methane hydrate (Figure 9 ). At ice saturation as high as >80%, pore hydrate accumulation The ice saturation between 45 and 65% was the optimal and provides up to 52-53% saturation with pore methane hydrate (Figure 9 ). At ice saturation as high as >80%, pore hydrate accumulation became almost completely suppressed as the amount of hydrate-forming gas was insufficient and gas permeability became too low [33] . Hydrate saturation was also low at low ice saturation (<20%), though the fraction of pore ice converted to hydrate was higher.
Effect of Soil Particle Size
The effect of soil particle sizes on the hydrate formation kinetics is evident upon comparison of its patterns in sand 2 (W = 12%, Si = 56%) and silt 2 (W = 29%, Si = 57%) at −3 • C (Figure 10 ). became almost completely suppressed as the amount of hydrate-forming gas was insufficient and gas permeability became too low [33] . Hydrate saturation was also low at low ice saturation (<20%), though the fraction of pore ice converted to hydrate was higher.
The effect of soil particle sizes on the hydrate formation kinetics is evident upon comparison of its patterns in sand 2 (W = 12%, Si = 56%) and silt 2 (W = 29%, Si = 57%) at 3 °C (Figure 10 ). The fraction of ice converted to hydrate was smaller at finer grain sizes: 31% in sand 3 and 17% in silt 2, or lower by a factor of ~1.8, for about 100 h. The difference may be due to lower gas permeability and greater amounts of bound water which can hardly convert to hydrate. The fraction of ice converted to hydrate was smaller at finer grain sizes: 31% in sand 3 and 17% in silt 2, or lower by a factor of~1.8, for about 100 h. The difference may be due to lower gas permeability and greater amounts of bound water which can hardly convert to hydrate.
Effect of Salinity
The effect of salinity on the hydrate formation kinetics (Figure 11 ) was studied in silt 3 with an initial natural salinity reaching 0.58% (W = 26%) and that diluted to 0.18% (W = 22%). Figure 10 . Time-dependent pore methane hydrate formation in sand 2 (Si = 56%) and silt 2 (Si = 57%) at 3 °C.
The fraction of ice converted to hydrate was smaller at finer grain sizes: 31% in sand 3 and 17% in silt 2, or lower by a factor of ~1.8, for about 100 h. The difference may be due to lower gas permeability and greater amounts of bound water which can hardly convert to hydrate.
The effect of salinity on the hydrate formation kinetics (Figure 11 ) was studied in silt 3 with an initial natural salinity reaching 0.58% (W = 26%) and that diluted to 0.18% (W = 22%). Hydrate formation at a negative temperature is slower in more saline samples. The hydrate coefficient became 29% higher at the end of the run (after 150 h) in the low-salinity sample but the increment was as small as 3% in the saline sample. The reason is that freezing of saline wet soil increases the pore water salinity, which impedes hydrate formation. However, slow decay of hydrate formation in the frozen saline sample may be due to the higher gas permeability of the hydrate layer that forms upon saline pore ice. Hydrate formation at a negative temperature is slower in more saline samples. The hydrate coefficient became 29% higher at the end of the run (after 150 h) in the low-salinity sample but the increment was as small as 3% in the saline sample. The reason is that freezing of saline wet soil increases the pore water salinity, which impedes hydrate formation. However, slow decay of hydrate formation in the frozen saline sample may be due to the higher gas permeability of the hydrate layer that forms upon saline pore ice.
In general, the performed experiments corroborate the possibility for the formation of pore gas hydrates at negative temperatures (−2-8 • C) in porous media of gas-bearing sandy-silty soils as the pressure is (2.5-6 MPa). These conditions of hydrate formation in frozen soils may occur at depth intervals from 250 to 600 m. In addition, in the permafrost, required pressure conditions may occur at depths below 250 m associated with freezing of methane-saturated sediments in a closed system [2, [12] [13] [14] 57] , and may result from loading by overlying glaciers (thickness from 100 m) [8, 11, 15] or transgression of the Arctic seas [11, 40, 58] .
Proceeding from published evidence described above and the reported experimental results, the formation of pore gas hydrates in gas-bearing permafrost can be explained with several geological models.
Model 1 ( Figure 12 ): excess pressure produced by rapid freezing of closed taliks containing pore gas (mainly methane).
The process comprises three main stages: freezing of a gas-saturated closed talik in permafrost leading to cryogenic concentration of gas and related excess pressure (can reach several MPa) [57] ( Figure 12a) ; onset of hydrate formation from some portion of pore gas in the freezing talik ( Figure 12b) ; further cooling of the frozen talik and ensuing additional hydrate formation (Figure 12c ). Thermodynamic description of this model is given in Reference [59] .
Model 2 ( Figure 13 ): Excess pressure and temperature conditions required for hydrate formation produced by loading from ice during glaciation.
transgression of the Arctic seas [11, 40, 58] .
Model 1 (Figure 12 ): excess pressure produced by rapid freezing of closed taliks containing pore gas (mainly methane). The process comprises three main stages: freezing of a gas-saturated closed talik in permafrost leading to cryogenic concentration of gas and related excess pressure (can reach several MPa) [57] ( Figure 12a) ; onset of hydrate formation from some portion of pore gas in the freezing talik ( Figure  12b) ; further cooling of the frozen talik and ensuing additional hydrate formation (Figure 12c ). Thermodynamic description of this model is given in Reference [59] .
Model 2 ( Figure 13 ): Excess pressure and temperature conditions required for hydrate formation produced by loading from ice during glaciation. Originally (prior to glaciation), gas hydrates exist in permafrost at depths from 250-300 m (Figure 13a) . Glaciation changes the temperature and pressure conditions as permafrost thickens up in the periglacial zone but it degrades from below in the subglacial zone [8, 15] . The top of the hydrate The process comprises three main stages: freezing of a gas-saturated closed talik in permafrost leading to cryogenic concentration of gas and related excess pressure (can reach several MPa) [57] ( Figure 12a) ; onset of hydrate formation from some portion of pore gas in the freezing talik ( Figure  12b) ; further cooling of the frozen talik and ensuing additional hydrate formation (Figure 12c ). Thermodynamic description of this model is given in Reference [59] .
Model 2 ( Figure 13 ): Excess pressure and temperature conditions required for hydrate formation produced by loading from ice during glaciation. Originally (prior to glaciation), gas hydrates exist in permafrost at depths from 250-300 m (Figure 13a) . Glaciation changes the temperature and pressure conditions as permafrost thickens up in the periglacial zone but it degrades from below in the subglacial zone [8, 15] . The top of the hydrate Figure 13 . Pore hydrate formation in gas-saturated permafrost under ice load: (a) prior to glaciation; and (b) after to glaciation.
Originally (prior to glaciation), gas hydrates exist in permafrost at depths from 250-300 m (Figure 13a) . Glaciation changes the temperature and pressure conditions as permafrost thickens up in the periglacial zone but it degrades from below in the subglacial zone [8, 15] . The top of the hydrate stability zone becomes shallower under additional pressure in ice-loaded permafrost, whereby the gas it stores transforms into hydrate (Figure 13b Long-term freezing of rocks during regression of the Arctic seas leads to the formation of permafrost with a zone of hydrate stability (Figure 14a) , while partial cryogenic concentration of gas is possible above this zone in porous and permeable rocks, and local gas hydrate accumulations can form in ice-rich permafrost. Then the permafrost formed in subaerial conditions begins degrading from below during subsequent transgression events (Figure 14b ), due to a heat flux from the Earth' interior, but the permafrost degradation from above is slow because of cold water temperatures. This Long-term freezing of rocks during regression of the Arctic seas leads to the formation of permafrost with a zone of hydrate stability (Figure 14a) , while partial cryogenic concentration of gas is possible above this zone in porous and permeable rocks, and local gas hydrate accumulations can form in ice-rich permafrost. Then the permafrost formed in subaerial conditions begins degrading from below during subsequent transgression events (Figure 14b ), due to a heat flux from the Earth' interior, but the permafrost degradation from above is slow because of cold water temperatures. This difference, along with excess pressure upon permafrost from high-standing water, is favorable for gas hydrate formation and both upward and downward expansion of the hydrate stability zone [40] . Further degradation of subsea relict permafrost leads to dissociation of intrapermafrost gas hydrates and to the emission of gas (methane) into the air [60, 61] .
Conclusions
Judging by the existence of intrapermafrost gas hydrates, they can form and accumulate naturally at negative temperatures.
The reported experiments reveal the mechanisms of pore methane hydrate formation at <0 • C and the kinetics of the process controlled by different factors such as the temperature, pressure, ice saturation, grain size, and salinity of gas-bearing permafrost. Pore gas hydrates form rapidly in frozen (to −8 • C) soils saturated with gas at pressures above the equilibrium, and their formation decays more slowly than at t >0 • C. The fraction of pore ice converted to hydrate (hydrate coefficient) increases progressively with excess pressure at a constant negative temperature.
Hydrate formation depends on the initial ice saturation and is the fastest at ice saturation of 45 to 65%. The hydrate coefficient is lower in finer-grained sediments; it is 1.8 times lower in silt than in sand. Hydrate formation is also slower in saline frozen soils.
The experimental results confirm the possibility for the formation of pore gas hydrates in frozen gas-saturated rocks under favorable temperature and pressure conditions. Excess pressure necessary for the activation of hydrate formation processes in rock mass can be created by ice during glaciations or from high-standing water during transgression in the Arctic seas, as well as from freezing of gas-bearing closed taliks. This logically follows from published evidence.
